Abstract. The mechanical properties of metastable austenitic steel corresponding to the AISI301 were characterized by means of tensile testing and cupping tests. High sensitivity to the strain rate was observed. The fracture mechanism in tensile specimens changed from the combination of cleavage and ductile dimpled rupture at lower strain rates to entire ductile dimpled rupture at higher strain rates. Fracture mechanisms were very different in deep drawn cups. After deep drawing tests, delayed cracking occurred. Main fractographic feature observed in cracked deep drawn cups was the intergranular decohesion. The mechanical behavior was described by a two-phase model incorporating the martensitic transformation. Identification of parameters was carried out on complex loading paths (tensile test, shear test, cyclic loadingunloading).
Introduction
Austenitic stainless steels have an excellent corrosion resistance, good mechanical properties and are widely used for cold forming (deep-drawing) at room temperature. Increasing need for conserving the strategic elements such as nickel and chromium impel the steel-makers to lower the content of these elements in stainless steels. However, the low nickel content can lead during the forming process to the plastic deformation-induced phase transformation of face--centered c -4]. High internal stresses are generated due to an incompatible transformation strain accompanying the martensitic transformation. The residual stresses together with the internal stresses induced by martensitic transformation can lead after deep-drawing to the phenomenon of delayed cracking. Several authors mentioned the role of hydrogen in delayed cracking phenomena [5] [6] [7] , e.g., increasing martensite content was found to have a huge effect on the hydrogen embrittlement susceptibility a cathodically charged AISI 304 austenitic stainless steel [5] .
The aim of this paper is to characterize the influence of martensitic transformation on the mechanical properties of metastable austenitic steels and to propose numerical modeling of the material behavior in order to assess the local stress-strain field arising in each phase during plastic deformation.
Experimental results
The material chosen for this study was austenitic steel corresponding to the AISI301. The chemical composition is given in Table 1 . The low nickel and chromium content situates the steel at the limit of the austenite field in the phase diagram. The material was provided as cold rolled sheets of 0.68 mm thickness in the bright annealed state. Fractographic analysis of specimens broken at the strain rate =5.10 -5 s -1 and =5.10 -4 s -1 revealed several transgranular cleavage facets connected by ductile dimpled rupture (Fig. 2a) . Several slip bands can be found on cleavage facets which indicate that the cleavage facets were formed before the final ductile fracture. On the other hand, the fracture surfaces of tensile specimens tested at the strain rates =5.10 -3 s -1 and =5.10 -2 s -1 , are completely covered by ductile dimples (Fig. 2b ). 
Cupping tests
Delayed fracture occurred in the cups (Fig.3 ) after deep drawing tests with drawing ratios DR > 1.5. On the lateral face several more or less equidistant arrested cracks can be observed. Cracks arrested in the cup wall at about the same height as the height of cup with initial drawing ratio DR ~ 1.4. Lateral faces and cracks in the cups issued from deep drawing tests were analyzed in SEM. Cracks propagated by the mechanism of diffused damage -several microcracks were found in proximity of principal crack lips and ahead of the crack tips (Fig.4a) . On the fracture surfaces of opened cracks, the main feature observed was the intergranular decohesion (Fig.4b) . 
Numerical modeling
Constitutive equations for two-phase material have already been detailed in [8] and are only summarized here.
The aim of this model is to characterize the behavior of the steel at a macroscopic scale by taking into account the individual behavior and the volume fraction of each phase (martensite: f M and austenite:1 f M ). In this work, a self-consistent approach is used and it assumes that each phase is embedded in a homogeneous equivalent medium. The representative volume element is constituted here of two phases, i.e., austenite and martensite, and it is assumed that both phases have the same isotropic elastic behavior. AISI 301 austenitic stainless steel undergoes a martensitic phase transformation induced by plastic deformation. The description of this transformation must be incorporated in the model in addition to the behavior of austenitic and martensitic phases.
Constitutive equations for austenite
In the initial state, the steel is 100% austenitic. Due to the orthotropic symmetry of the sheet, the austenite behavior is modeled as orthotropic, whereas the martensite behavior is described using isotropic behavior. The yield stress function f for austenite is expressed in the form:
where a d is the deviatoric part of the stress tensor in austenite. X a is the second order tensor of kinematic workhardening and R a is the term of isotropic work-hardening. The initial yield stress R o a is equal to the yield stress in tension along the RD and H is the fourth-order Hill's tensor. The coefficients of H can be deduced from the 6 parameters F, G, H, L, M and N of the quadratic Hill's criterion. The condition on the initial yield stress along the RD allows to impose the relation G + H = 1. The viscoplastic strain follows a flow rule derived from a viscoplastic potential which is a power function of the yield function:
where n is the strain rate sensitivity coefficient, K a weighting coefficient of the viscous part of the stress and f+ the positive part of f , i.e., f+=max(0, f). Hence, the behavior is elastic if f < 0.
The evolution of the isotropic work-hardening is associated to the dislocation density in austenite:
where M T is the Taylor factor, is a constant of the order of one, is the elastic shear modulus, b is the and p a is cumulative plastic strain in austenite. The first two terms in the bracket of eq. (3) f dt dp dt d (4) where parameters C a and a control the intensity of work-hardening and a is the slope of the linear part of the kinematic work-hardening.
Constitutive equations for martensite
The martensite behavior is described using a simple elastoplastic model (von Mises criterion with a Voce law for isotropic work-hardening). The yield stress function g for martensite is expressed in the form: 
Austenite-martensite transformation
In this work, the evolution of the volume fraction of martensite is given by the Shin et al. law [10] , in which the martensitic transformation is considered as a continual relaxation of the internal strain energy accumulated during the plastic deformation. This volume fraction depends on the cumulative plastic strain in the austenite (p a ) and not on the macroscopic strain. Furthermore, it is clearly established that the kinetic of the martensitic transformation depends on the temperature and stress path [9] . In order to take into account the transformation dependence on the stress path, the evolution of the austenitemartensite transformation depends on the stress triaxiality ratio in austenite (T a ). This ratio is equal to 0 in shear, ESOMAT 2009 06016-p. 4 1/3 in tension. The evolution law of the martensite volume fraction f M is expressed in eq. (6) where f M is the value of the saturation of the martensite volume fraction. In the evolution rate of the transformation, the dependence of the stress triaxiality ratio is introduced with linear functions: f M (T a ) and (T a ). (6) In equation (6) the value of the exponent N is about 2 according to [10] .
Parameters identification
Parameters were identified using identification software SiDoLo based on a Levenberg Marquardt minimization algorithm [11] . The experimental database consists of monotonic shear tests and tensile tests (along rolling and transverse directions) at room temperature with different strain rates (Fig.5a ). Cyclic shear tests are used to identify the kinematic hardening parameters (Fig.5b) . Identified model of material behavior is in good agreement with monotonic tensile and/or shear test and cyclic shear test results (Fig.5 ) as well as with austenite to martensite transformation kinetics during tensile and shear tests (Fig.6 ). 
Summary
Mechanical response of AISI301 steel is very sensitive to the strain rate due to the coupling of thermomechanical behaviors. Fracture mechanism in tensile specimens at the strain rate lower than =5.10 -3 s -1 is the combination of cleavage and ductile dimpled rupture. At the strain rate higher than =5.10 -3 s -1 fracture mechanism changes to entire ductile dimpled rupture. Fracture mechanisms are very different in tensile specimens and deep drawn cups. In cracked deep drawn cups, the intergranular decohesion was main fractographic feature. Delayed cracking occurred only in deep drawn cups but not in tensile specimens. This is probably due to the necessity of the synergy effect between macroscopic (residual) stresses and internal stresses provoked by martensitic transformation. The mechanical behavior was described by a two-phase model incorporating the individual behavior and the volume fraction of each phase. Identification of model parameters was successfully carried out on complex loading paths (monotonic tensile and shear test, cyclic shear test). In the following research, the model will be implemented in a finite element method code and used for the simulation of cupping test.
